Abstract. Wogonin (5,7-dihydroxy-8-methoxyflavone) is a flavone constituent of Scutellaria baicalensis with various beneficial biological activities and it has been shown to have tumor therapeutic potential in vitro and in vivo. The purpose of this study was to investigate the effects of wogonin in a human osteosarcoma cell line (U-2 OS). Results showed that a dose-and time-dependent reduction occurred in cell viability after exposure to wogonin in U-2 OS cells. Increasing the levels of reactive oxygen species (ROS) and Ca 2+ but decreasing the levels of mitochondrial membrane potential (∆Ψm) were examined in wogonin-treated U-2 OS cells. Flow cytometric assay indicated that wogonin induced sub-G1 phase (apoptosis) and increased caspase-3 activity in examined cells. Wogonin-induced apoptosis in U-2 OS cells was also confirmed by 4' ,6-diamidino-2-phenylindole (DAPI) staining. Also, results from Western blotting indicated that wogonin increased the levels of Bad, Bax, cytochrome c, cleaved caspase-9, cleaved caspase-3, AIF, Endo G, Fas/CD95, caspase-8, GADD153, GRP78, ATF-6α, calpain 1, calpain 2 and caspase-4 then leading to cell apoptosis. In conclusion, wogonin induced ROS production and intracellular Ca 2+ , and altered the levels of anti-(Bcl-2) and pro-(Bad and Bax) apoptotic proteins. Wogonin-induced apoptosis in U-2 OS cells was through the activation of caspase-3. In conclusion, these are the first findings to show wogonin-induced cytotoxic effects through induction of apoptotic cell death and ER stress in U-2 OS cells. The potent in vitro antitumor activities suggest that wogonin could be developed for the treatment of human osteosarcoma in the future.
Introduction
Cancer is the first leading cause of death worldwide. In USA, one in every four human deaths is from cancer. Apoptosis is one of the goals of cancer treatment. The characteristics of apoptosis can be the cell shrinkage, blebbing of the plasma membrane, apoptotic body and chromatin condensation that are associated with cleavage of DNA into ladders (1, 2) . Other reports indicated that human malignant tumor cells respond to some effective therapeutic treatments and they could lead to decrease ability to undergo apoptosis (3, 4) . Therefore, further development of agents that might induce or enhance the occurrence of apoptosis seems to be a promising strategy in the treatment of cancer. Successful treatment of cancer with chemotherapeutic agents is largely dependent on their ability to trigger cell death in tumor cells especial to induce apoptosis of cancer cells. Therefore, novel inducers of apoptosis could provide new therapeutic approaches for anticancer design.
Substantial evidence has demonstrated that certain phytochemicals present in medicinal herbs exert anti-tumorigenic activity by inducing apoptosis in cancer cells. Flavonoids, one of the most common active ingredients of medicinal herbs, possess pharmacological properties including anti-infammatory (5, 6) , antioxidant (7) , and antitumor (8, 9) activities. Wogonin (5,7-dihydroxy-8-methoxyflavone, C 16 H 12 O 5 ) is one of the active ingredients extracted from the roots of Scutellaria baicalensis Georgi. It has been reported that wogonin induced apoptosis in many tumor cells such as human breast cancer cell lines (8) , prostate cancer cells (10) , hepatocellular carcinoma SK-HEP-1 cells (11), promyeloleukemic cells (10) cancer A2780 cells (12) and it suppressed tumor cells growth (13) .
However, knowledge of the molecular mechanisms in wogonin-induced apoptosis of U-2 OS human osteosarcoma cells is unclear and it remains to be delineated. The purpose of this research is to conduct a series of experiments that afford further insights into mechanisms underlying the apoptotic action of wogonin on human osteosarcoma U-2 OS cells inclusive of cytotoxicity, induction of apoptosis and protein levels which are involved in apoptotic cell death. We also provide evidence suggesting that wogonin caused apoptosis through the ER stress, mitochondrial and caspase-3 signaling pathway in vitro.
Materials and methods
Chemicals and reagents. Wogonin, dimethyl sulfoxide (DMSO), propidium iodide (PI), Triton X-100 and trypan blue were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). McCoy's 5A medium, penicillin-strptomycin, trypsin-EDTA, fetal bovine serum (FBS) and L-glutamine were obtained from Invitrogen Life Technologies (Carlsbad, CA, USA). The antibodies against Bad, Bax, Bcl-2, cytochrome c, caspase-9 and caspase-3, AIF, Endo G, Fas/CD95, caspase-8, GADD153, GRP78, ATF-6α, calpain 1, calpain 2 and caspase-4 were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Caspase-3 substrate assay kit (PhiPhiLux-G1D2) was bought from OncoImmunin, Inc. (Gaithersburg, MD, USA).
U-2 OS human osteosarcoma cells. The U-2 OS cell line was purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were cultured in 75 cm 2 tissue culture flasks in McCoy's 5A medium with 2 mM L-glutamine, 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin and grown at 37˚C under a humidified 5% CO 2 atmosphere (14) .
Determinations of cell viability and morphological changes of U-2 OS cells. The U-2 OS cells were seeded into 12-well plates at a density of 2x10 5 cells/well for 24 h. Then cells in each well were treated with 0, 10, 50, 75, 100 and 150 µM wogonin, while only adding 1% DMSO (solvent) for the control regimen and grown at 37˚C, 5% CO 2 and 95% air for 24 and 48 h. After treatment, the number of viable cells was determined with a flow cytometer (FACSCalibur, BectonDickinson, Franklin Lakes, San Jose, CA, USA) equipped with an argon ion laser at 488 nm wavelength as described elsewhere (15, 16) . The cell morphology was examined and photographed under a phase-contrast microscope as described previously (17, 18) .
Determinations of DNA content in U-2 OS cells. Cells (2x10 5 cells/well) placed in 12-well plates were treated with 75 µM wogonin for 24-and 48-h exposure. For apoptosis assay, the cells were harvested by centrifugation, washed with phosphatebuffered saline (PBS) and fixed with 70% ethanol at -20˚C overnight. Cells were washed twice, re-suspended in PBS containing 40 µg/ml PI and 0.1 mg/ml RNase A and 0.1% Triton X-100 in a dark room for 30 min at 37˚C, and analyzed by flow cytometry. The sub-G1 group (apoptosis) was determined as described previously (16, 19) . For DAPI staining, cells were stained by DAPI (4',6-diamidino-2-phenylindole, Molecular Probes/Invitrogen Life Technologies) at the concentration of 300 nmol/l DPAI for 30 min at 37˚C. Then nuclear morphology or apoptotic bodies were visualized, examined and photographed by fluorescence microscopy (20, 21) . , respectively. The cells from each treatment were individually harvested and washed with PBS twice, re-suspended in 500 µl of 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) (Invitrogen) (10 µM) for ROS, 3,3'-dihexyloxacarbocyanine iodide (DiOC 6 ) (Invitrogen) (1 µmol/l) for ∆Ψm and Fluo-3/AM (2.5 µg/ml) for Ca 2+ release. Cells then were incubated at 37˚C for 30 min and were analyzed by flow cytometry as described previously (22) (23) (24) .
Measurements of reactive oxygen species (ROS)
,
Caspase-3 activity assay in U-2 OS cells. Cells (1x10
5 cells/ well) in 12-wells plates were exposed to 75 µM wogonin for 6, 12, 24 and 48 h. Caspase-3 activity was assessed by flow cytometry. The cells were harvested and washed twice for determining of the activity of caspase-3 by using a substrate (PhiPhiLux-G1D2, OncoImmunin, Inc.) following the manufacturer's protocol, and then determined by using flow cytometric assay as described previously (20, 25) .
Western blotting for examining the protein levels associated with apoptosis in U-2 OS cells. Cells (2x10
6 cells/well) placed in 10-cm culture dish were treated with 75 µM wogonin and incubated for 0, 6, 12, 24 and 48 h. Then cells were harvested and were lysed in the PRO-PREP™ protein extraction solution (iNtRON Biotechnology, Seongnam, Gyeonggi-Do, Korea). The cell lysates were centrifuged at 13000 g at 4˚C and the supernatant was collected for Western blot analysis, which was measured for protein concentration by using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). The equal aliquots containing 50 µg of each lane were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed by electro-transfer onto PVDF membranes (Immobilon-P; Millipore, Bedford, MA, USA), and Ponceau S (Sigma-Aldrich Corp.) was used to identify the transferred proteins. The membranes were blocked by incubating in 5% non-fat milk for nonspecific binding sites. Specific antibodies were purchased from Santa Cruz Biotechnology, Inc. Horseradish peroxidase-conjugated goat anti-rabbit or anti-mouse IgG (Millipore, Billerica, MA, USA) was used as a secondary antibody for enhanced ECL chemiluminescence reagent (Millipore) as described previously (24, 26) . Immunoblotting for examining the effects of wogonin on Bad, Bax, Bcl-2, cytochrome c, caspase-9 and -3 active form, AIF, Endo G, Fas/CD95, caspase-8, GADD153, GRP78, ATF-6α, calpin 1, calpin 2, and caspase-4 were performed. Quantifying the relative abundance of each band was done by using NIH ImageJ 1.43 software for Windows (27) .
Statistical analysis. All data are shown as the means ± SD of three independent experiments. The difference between the wogonin-treated and control groups were analyzed by one-way ANOVA followed by Bonferroni's multiple comparison test to examine the significance of differences and a value of p<0.05 was considered significant.
Results

Effects of wogonin on cell viability and morphological changes in the U-2 OS human osteosarcoma cells.
After cells were exposed to various concentrations of wogonin for 24 and 48 h, the percentage of total viable cells and cell morphological changes were examined. Results are shown in Fig. 1 and indicated that wogonin decreased the percentage of viable U-2 OS cells dose-and time-dependently (Fig. 1A) . The wogonin at 150 µM significantly decreased by 80 and 84% the viable cells at 24-and 48-h treatment, respectively (Fig.  1A) . Results from the examining of a phase-contrast microscope indicated that wogonin induced cell morphological changes (Fig. 1B) and some of the treated cells showed changed shape and debris.
Effects of wogonin on DNA content and chromatin condensation in U-2 OS cells. The results from flow cytometric analysis are shown in Fig. 2A , which indicated that exposing U-2 OS cells to 75 µM wogonin for 24 and 48 h enhanced the percentage of sub-G1 population (apoptosis) in a dose-dependent manner ( Fig. 2A) , indicating that wogonin induced apoptotic death in U-2 OS cells. In order to confirm the occurrence of apoptosis in U-2 OS cells after treatment with wogonin, cells were also stained by DAPI because apoptotic cells were recognized by the condensed, fragmented, degraded nuclei and apoptotic body. Results shown in Fig. 2B and C indicated that wogonin induced chromatin condensation and apoptosis in a dosedependent manner.
Effects of wogonin on the levels of ROS productions, loss of ∆Ψm level and intracellular Ca
2+ release in U-2 OS cells. To confirm the possibility that the wogonin-induced apoptosis could be related to contributions from the ER stress and mitochondrial signal pathways, U-2 OS cells were treated with 75 µM wogonin for the indicated periods of time, the productions of ROS and Ca 2+ and the changes of ∆Ψm were examined, the quantities and results are shown in Fig. 3 . Results from the flow cytometric assay indicated that wogonin promoted the productions of ROS (Fig. 3A) and Ca 2+ (Fig. 3C ), but it diminished the level of ∆Ψm (Fig. 3B) . In contrast, administration of wogonin resulted in a right shift of the DCF and Flou-3 fluorescence curves, indicating the increase in ROS (Fig. 3A) and Ca 2+ release (Fig. 3C ), but in the left shift of DiOC6 fluorescence curves (a decrease in the level of fluorescence curves).
Effects of wogonin on caspase-3 activity of U-2 OS cells.
To evaluate whether or not wogonin-induced apoptosis is involved in activation of caspase-3, this study investigated the caspase-3 activity by flow cytometric analysis. The results are shown in Fig. 4 , and wogonin at the concentration of 75 µM stimulated caspase-3 activity in a time-dependent manner (Fig. 4) .
Effects of wogonin on the levels of apoptosis-associated proteins in U-2 OS cells.
To confirm that wogonin-induced apoptosis of U-2 OS cells as noted in flow cytometric assays, cells were cultured for 0, 6, 12, 24, and 48 h in the presence of the 1% DMSO vehicle alone or 75 µM wogonin. Cells were harvested for Western blot analysis regarding to the extrinsic, intrinsic and ER stress pathway-related proteins expression. Results are shown in Fig. 5 , which indicated that wogonin promoted the levels of Bad and Bax (Fig. 5A) , cytochrome c, caspase-9 and -3 active form, AIF and Endo G (Fig. 5B) , Fas/ CD95 and caspase-8 (Fig. 5C) , GADD153, GRP78, ATF-6α, calpin 1, calpin 2 and caspase-4 ( Fig. 5D ), but it decreased the level of Bcl-2 (Fig. 5A) . Based on these results, we suggest that wogonin-induced cell death in U-2 OS cells might be mediated through ER stress-and mitochondria-and caspase cascadedependent apoptotic signaling multiple pathways. 
Discussion
It is documented that a good strategy for killing cancer cells is to induce cell apoptosis. Cell apoptotic pathway can be divided into the extrinsic pathway and intrinsic pathway including caspase-dependent and -independent pathway (28) (29) (30) . The extrinsic pathway is initiated by ligation of trans-membrane death receptors such as Fas with ligands such as FasL to activate caspase-8 then to activate caspase-3 for causing apoptosis (31) . The intrinsic pathway requires disruption of the mitochondrial membrane and the release of cytochrome c from the mitochondrial to work together with Apaf-1 (apoptotic protease activating factor-1) and procaspase-9 to promote the activation of caspase-9 and thereby initiating the apoptotic caspase cascade (29, 32, 33) . Another pathway is named unfolded protein response (UPR) or ER stress pathway, a variety of toxic insults can result in ER stress that ultimately leads to apoptosis (34) .
Herein, our results indicated that wogonin induced cell morphological changes, decreased the percentage of viable cells and induced apoptosis in U-2 OS cells. Furthermore, we used flow cytometry and results indicated that wogonin promoted the production of ROS and Ca 2+ , but it decreased the level of ∆Ψm in U-2 OS cells. Disruption of mitochondrial membrane potential is considered to be an indicator of mitochondria damage and generally is defined as an early Figure 2 . Effects of wogonin on DNA content and chromatin condensation in U-2 OS cells. (A) Cells were cultured for 24 and 48 h in the presence of 75 µM wogonin. In the time-dependent effects on sub-G1 population (apoptosis), U-2 OS cells were analyzed for DNA content by flow cytometry. (B) Cells were incubated without or with wogonin (75 and 100 µM) for 24 and 48 h. An apoptotic catachrestic (chromatin condensation) was determined by DAPI staining and observed by using a fluorescence microscope. (C) Quantification of the data from mean fluorescence density was performed as the mean ± SD (n=3). The asterisks ( * ) show the statistically significant differences (p<0.05) between wogonin-treated groups and the control (0 µM). Statistical significance was assessed by one-way ANOVA followed by Bonferroni's multiple comparison test.
stage of apoptosis, preceding efflux of small molecules from the mitochondria (including cytochrome c, apoptosis-inducing factor, and cIAPs) and followed by caspase-9/-3 cascade activation (35) . Western blot analysis also showed that wogonin promoted the levels of GADD153, GRP78 and caspase-4 which are vital features for unfolded protein response (UPR) and meant that wogonin induced apoptosis through the ER stress/calpain signaling pathway. It was reported that wogonin did not cause apoptosis or decreased viability, even at the highest tested concentration (100 mM) in normal human prostate epithelial PrEC cells (10) . Thus being a chemoprevention agent that should be able to eliminate cancer cells without any toxicity to normal cells.
It was reported that GADD153 and GRP78 is a hallmark of ER stress (36) . Flow cytometric assay also showed that wogonin induced dysfunction of mitochondria (loss of mitochondrial membrane potential) (Fig. 3B) . The results from Western blotting also showed that wogonin increased the levels of Bad and Bax, and it decreased the level of Bcl-2, leading to the changes of the ratio of Bax/Bcl-2 for causing loss of ∆Ψm. It was reported that promotion of the ratio of Bax/Bcl-2 decreased the level of mitochondrial membrane potential (37) . The loss of the outer mitochondrial membrane integrity and the release of cytochrome c from the mitochondria to the cytosol, the cells are committed to apoptosis (38, 39) . It was reported that wogonin induced p53 expression then led to PUMA, Bax elevation for causing apoptosis (10) . The productions of ROS contribute to mitochondrial damage that may facilitate the further release of ROS into the cytoplasm (38, 39) .
It is well known that the study of apoptosis reveals that many oncogenes and tumor suppressor genes are involved in mediating apoptosis (4, 40) . Thus, we further investigated whether apoptosis-related protein levels were involved in wogonin-induced apoptosis in U-2 OS cells. In particular, the levels of caspase-8, -9 and -3 or -4 have been elevated compared to the untreated control. And the results indicated that wogonin promoted the levels of caspase-9, -3, -8 and -4 ( Fig. 5B-D ) and it also promoted the level of Fas/CD95. These data indicated that wogonin induced apoptosis through extrinsic and intrinsic signaling pathways, and wogonintreated U-2 OS cells were involved in ER stress signaling pathway. The caspase-independent pathway of intrinsic apoptosis was also triggered by the increase of AIF and Endo G protein levels (Fig. 5B) . Due to cytochrome c and caspase-9 elevation, the caspase-dependent pathway of intrinsic apoptosis may play important roles in cell apoptosis (41, 42) . It was reported that caspases are a family of cysteine proteases that play a central role during the executional phase of apoptosis (43) . Flow cytometric assay also showed that wogonin promoted the caspase-3 activity in U-2 OS cells (Fig. 4) .
Substantial evidence has showed that wogonin triggered apoptosis in many human cancer cells, and the involvement of GADD153 in wogonin induced apoptosis in U-2 OS cells is still unclear. Herein, we conclude that GADD153 sensitizes cells to ER stress through the down-regulation of Bcl-2 and enhanced oxidant injury. GRP78 is also an endoplasmic reticulum chaperone protein and wogonin also promoted the levels of GRP78 and ATF-6α in U-2 OS cells (Fig. 5D) . Our novel findings suggest that these events represented that extrinsic, intrinsic and ER stress apoptotic pathways were all induced by wogonin in vitro.
The present report describes the selective in vitro killing of U-2 OS cells by wogonin and the anticancer activity (induction of apoptotic cell death). In conclusion, the wogonininduced apoptotic events can be summarized by the sequence presented in Fig. 6 . In this proposed signal model, wogoninmediated ROS generation led to ER stress representing the central trigger for activation of the apoptotic cascade. Furthermore, results indicated that wogonin promoted the generation of ROS and a decrease in ∆Ψm, as well as in elevation of Bax and reduction of Bcl-2 levels. The movement of Bax to the mitochondria reduced the ∆Ψm, an event that results in the release of cytochrome c, subsequent activation of caspase-9 and -3, AIF and Endo G release from mitochondria and consequently cleaved specific substrates leading to apoptotic changes. These findings might aid in the understanding of the mode of actions of the wogonin and provide a theoretical basis for the therapeutic use of this compound in osteosarcoma in the future.
